ABSTRACT
P
orcine epidemic diarrhea (PED) is an acute, highly contagious, and devastating viral enteric disease with a high mortality rate in suckling pigs. The causal agent, PED virus (PEDV), is an enveloped virus with a single-stranded positive-sense RNA genome of approximately 28 kb (1) . At least seven open reading frames (ORFs) have been identified in the PEDV genome, arranged in the order 5=-ORF1a/1b-S-ORF3-E-M-N-3= (2). ORF1a and ORF1b are located downstream of the 5= untranslated region (UTR) and encode the viral replicase polyproteins 1a and 1b. The S, E, M, and N genes encode the four major structural proteins spike (S), envelope (E), membrane (M), and nucleocapsid (N), respectively, and ORF3 encodes an accessory protein that is thought to be associated with virulence (1, (3) (4) (5) (6) .
Historically, PED was first recognized in English feeder and fattening swine in 1971 (7) . Since then, outbreaks of PED have been reported in many European countries. At present, PED occurs mainly in Asia, and these outbreaks are more acute and severe than those observed in Europe (1) . In 2010, a large-scale outbreak of PED, characterized by watery diarrhea, dehydration, and vomiting, with 80% to 100% morbidity and 50% to 90% mortality in suckling piglets, occurred in swine farms in China (8) and was shown to be caused by a PEDV variant (9, 10) . This PEDV variant emerged and spread rapidly in the United States in May 2013, posing significant economic and public health concerns (11) (12) (13) (14) .
Interferon (IFN) and the IFN-induced cellular antiviral response are the primary defense mechanisms against viral infection. During viral infection, host pattern recognition receptors (PRRs) recognize viral components or replication intermediates, known as pathogen-associated molecular patterns (PAMPs), and trigger the IFN response (15) . Retinoic acid-induced gene I (RIG-I) and melanoma differentiation gene 5 (MDA5) are important cytoplasmic PRRs that detect viral RNA PAMPs in a wide range of cell types (16, 17) . After sensing the cytoplasmic viral RNAs, RIG-I and/or MDA5 interacts with IFN-␤ promoter stimulator 1 (IPS-1) (also known as MAVS/VISA/Cardif) to activate the downstream IB kinase (IKK)-related kinases, such as TANK binding kinase 1 (TBK1) and IKKε, leading to the activation of the critical transcription factors interferon requlatory factor 3 (IRF3) and nuclear factor B (NF-B). Phosphorylated IRF3 and NF-B translocate to the nucleus and directly induce the type I IFNs (18) (19) (20) .
To combat the antiviral effects of IFN, many viruses, including coronavirus, have evolved elaborate mechanisms to antagonize IFN, and multiple virus-encoded proteins are involved in this pro-cess (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . To our knowledge, at least eight proteins encoded by severe acute respiratory syndrome coronavirus (SARS-CoV) have been identified as IFN antagonists: nsp1, papain-like protease (PLP), nsp7, nsp15, N, M, ORF3b, and ORF6 (21, (32) (33) (34) (35) (36) (37) (38) (39) (40) . PEDV also belongs to the family Coronaviridae (1). Previous studies revealed that PEDV infection inhibits the host's IFN responses, and PEDV-encoded PLP2 has been identified as a depressor of the RIG-I-mediated signaling pathway by deubiquitinating RIG-I and STING (41) . PEDV encodes Ͼ20 mature proteins, and whether other viral proteins antagonize the IFN response is unclear. Because coronavirus nucleocapsid protein is the most abundant protein in virus-infected cells (42) , and the N proteins of SARS-CoV and mouse hepatitis virus (MHV) have been identified as IFN antagonists (38, 39, 43) , here we investigated the role of PEDV N protein in regulating the IFN response. Our results clearly demonstrate that PEDV N protein also inhibits IFN-␤ production and IFN-stimulated gene (ISG) expression. Mechanistically, the PEDV N protein targets TBK1 to prevent its interaction with IRF3 after stimulation, leading to a blockade of IFN production.
MATERIALS AND METHODS
Viruses, cells, and reagents. PEDV strain AJ1102 (GenBank accession number JX188454), which was isolated from a suckling piglet with acute diarrhea in China in 2011 (44) , was used in this study. Sendai virus (SEV) was obtained from the Centre of Virus Resource and Information, Wuhan Institute of Virology, Chinese Academy of Sciences. HEK-293T cells were cultured and maintained in RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37°C in a humidified 5% CO 2 incubator. Vero cells were cultured and maintained in Dulbecco's modified Eagle's medium (Invitrogen) and used to amplify PEDV. Mouse monoclonal antibodies (MAbs) against Flag, hemagglutinin (HA), and ␤-actin were purchased from Medical and Biological Laboratories (Japan). Rabbit polyclonal antibodies directed against IRF3, phosphorylated IRF3 (p-IRF3), and TBK1 were obtained from ABclone (China) and Cell Signaling Technology. Human IFN-␤ enzyme-linked immunosorbent assay (ELISA) kits were purchased from TFB (Japan).
Plasmids. The IFN-␤-Luc, 4ϫPRDIII/I-Luc (referred to as IRF3-Luc), and 4ϫPRDII-Luc (referred to as NF-B-Luc) luciferase reporter plasmids were described previously (45) . The expression plasmids for wild-type RIG-I (pEF-Flag-RIG-I) and its constitutively active mutant (pEF-Flag-RIG-IN) were kindly provided by T. Fujita (Tokyo Metropolitan Institute of Medical Science, Japan). The TBK1 and IKKε expression vectors were kindly provided by Himanshu Kuma and Shizuo Akira (Immunology Frontier Research Center, Osaka University, Japan). The TRAF3 expression vector was a gift from Edward W. Harhaj (University of Miami School of Medicine, Miami, FL, USA). The DNA expression constructs encoding MDA5, IPS-1, and IRF3 were described previously (45) . To construct the DNA expression vector pCAGGS-HA-N encoding HAtagged PEDV N protein, standard reverse transcription (RT)-PCR was used to amplify the cDNA of the PEDV N gene from the total RNA extracted from Vero cells infected with PEDV strain AJ1102 with the following primers: forward primer 5=-GGGGGTACCATGGCTTCTGTCAGTT TT-3= and reverse primer 5=-TTTCTCGAGTTAATTTCCTGTATCGAA-3=. The purified amplicon was cloned into vector pCAGGS-HA. All constructs were validated by DNA sequencing.
Luciferase reporter gene assay. HEK-293T cells grown in 24-well plates were cotransfected with 0.1 g/well reporter plasmid, 0.02 g/well plasmid pRL-TK (Promega) (as an internal control for normalization of the transfection efficiency), and the indicated expression plasmid or an empty control plasmid. Where indicated, the cells were also mock infected or infected with SEV (10 hemagglutinating activity units/well) 24 h after cotransfection. The cells were lysed 12 h later, and firefly luciferase and Renilla luciferase activities were determined with the Dual-Luciferase reporter assay system (Promega), according to the manufacturer's protocol. The data are expressed as relative firefly luciferase activities normalized to Renilla luciferase activities and are representative of three independently conducted experiments.
RNA extraction and quantitative real-time RT-PCR. To determine the effects of N protein on the expressions of ISG56, ISG54, and ISG20, HEK-293T cells in 24-well plates were transfected with 1 g of the empty vector or a plasmid encoding PEDV N protein. After 24 h, the cells were mock infected or infected with SEV for 12 h. Total RNA was extracted from the cells with TRIzol reagent (Invitrogen, USA), and an aliquot (1 g) was reverse transcribed to cDNA by using avian myeloblastosis virus (AMV) reverse transcriptase (Toyobo). The cDNA (1 l of the 20-l RT reaction mixture) was then used as the template in a SYBR green PCR assay (Applied Biosystems). The abundance of the individual mRNA transcript in each sample was assayed three times and normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (the internal control). The primers were designed with Primer Express software v.3.0 (Applied Biosystems), and the sequences are listed in Table 1 .
ELISA for IFN-␤. To measure the amount of IFN-␤ secreted, HEK-293T cells were mock transfected or transfected with 1 g of the expression plasmid encoding PEDV N protein. At 24 h posttransfection, the cells were treated or not treated with SEV for 12 h. The supernatants were then harvested for an ELISA with a human IFN-␤ detection kit (Techfields Biochem), according to the manufacturer's instructions.
Immunoblot analysis. Briefly, HEK-293T cells cultured in 60-mm dishes were transfected with the appropriate plasmids. After 28 h, the cells were harvested by the addition of lysis buffer, and the protein concentrations in the whole-cell extracts were measured. Equal amounts of samples were then subjected to SDS-PAGE and analyzed for the expression of IRF3, p-IRF3, and TBK1 proteins by immunoblotting using rabbit anti-IRF3, anti-p-IRF3 (ABclone), and anti-TBK1 (Cell Signaling Technology) antibodies, respectively. To confirm the expression levels of HA-tagged PEDV N protein, an anti-HA antibody (MBL) was used for immunoblotting. The expression of ␤-actin was detected with a mouse anti-␤-actin monoclonal antibody (MBL) to demonstrate equal protein sample loading.
Coimmunoprecipitation and immunoblot analyses. For the transient-transfection experiments, HEK-293T cells were transfected with the appropriate plasmids for 28 h. The transfected cells were lysed in 200 l of lysis buffer (4% SDS, 3% dithiothreitol [DTT], 0.065 mM Tris-HCl [pH 6.8], 30% glycerin) supplemented with a protease inhibitor (phenylmethylsulfonyl fluoride [PMSF] ). The lysates were boiled at 100°C for 10 min before they were separated by SDS-PAGE and were then electroblotted onto a polyvinylidene difluoride membrane (Bio-Rad) and analyzed by immunoblotting with the indicated antibodies. For the coimmunopre- IFN-␤  TCTTTCCATGAGCTACAACTTGCT  GCAGTATTCAAGCCTCCCATTC  NM_00201  ISG20  CCGTGGCCAGGCTAGAGAT  CCGCTCATGTCCTCTTTCAGT  NM_001547  ISG54  CACCTCTGGACTGGCAATAGC  GTCAGGATTCAGCCGAATGG  NM_001270927  ISG56  GCTTTCAAATCCCTTCCGCTAT  GCCTTGGCCCGTTCATAAT  NM_002046  GAPDH  TCATGACCACAGTCCATGCC  GGATGACCTTGCCCACAGCC cipitation analysis, the cells were washed with phosphate-buffered saline (PBS) and lysed for 20 min at 4°C in lysis buffer containing 50 mM TrisHCl (pH 7.4), 150 mM NaCl, 1% NP-40, 10% glycerin, 0.1% SDS, and 2 mM Na 2 EDTA. The lysates were then cleared by centrifugation, and the proteins were immunoprecipitated overnight at 4°C with affinity antibodies and protein AϩG agarose beads (Beyotime, China). The immunoprecipitates were washed three times with 1 ml of lysis buffer and then analyzed by using standard immunoblotting procedures. Indirect immunofluorescence assay (IFA). HEK-293T cells seeded onto microscope coverslips and placed into 24-well dishes were transfected with the PEDV N protein expression plasmid when the cells reached approximately 70% to 80% confluence. The cells were mock infected or infected with SEV 24 h after transfection. At 8 h postinfection, the cells were fixed with 4% paraformaldehyde for 10 min and then permeated with 0.1% Triton X-100 for 10 min at room temperature. After three washes with PBS, the cells were sealed with PBS containing 5% bovine serum albumin for 1 h and then incubated separately with rabbit polyclonal antibody directed against IRF3 (1:200) and mouse monoclonal antibody directed against the HA tag (1:200) for 1 h at room temperature.
The cells were then treated with fluorescein isothiocyanate-labeled goat anti-mouse or Cy3-labeled goat anti-rabbit antibodies (Invitrogen) for 1 h and then treated with 4=,6-diamidino-2-phenylindole (DAPI) for 15 min at room temperature. After the samples were washed with PBS, fluorescent images were acquired with a confocal laser scanning microscope (Fluoview ver. 3.1; Olympus, Japan).
RESULTS
PEDV N protein blocks SEV-induced IFN-␤ production and ISG expression. To explore whether PEDV N antagonizes IFN-␤ production, HEK-293T cells were transfected with a DNA expression construct encoding the HA-tagged N protein and then infected with SEV. The cells and supernatants were collected separately for real-time RT-PCR and ELISA of IFN-␤. The expression of PEDV N protein was detected by immunoblotting with an anti-HA antibody. As shown in Fig. 1A and B, the ectopic expression of PEDV N protein significantly inhibited SEV-induced The harvested supernatants were used to detect IFN-␤ by an ELISA. Anti-HA antibody was used to confirm the expression of PEDV N protein, and anti-␤-actin antibody was used to detect ␤-actin, which served as a protein loading control. The results are representative of data from three independent experiments. WB, Western blot. mRNA expression and the secretion of IFN-␤, indicating that N protein antagonizes IFN-␤ production.
It is well known that IFNs initiate a series of signaling cascades through the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway, resulting in the expression of a set of ISGs which collaboratively suppress the replication of viruses and contribute to the development of the adaptive immune response (46) . To confirm whether PEDV N protein suppresses IFN signaling, we analyzed the expression levels of some ISGs, including ISG56, ISG54, and ISG20, in cells overexpressing PEDV N protein and treated with IFN-␣. The results showed that IFN-␣-induced ISG expression could not be inhibited by PEDV N protein, suggesting that PEDV N protein does not antagonize IFN signaling (data not shown). In contrast, overexpression of PEDV N protein significantly reduced the expression levels of ISG56 (Fig. 1C), ISG54 (Fig. 1D) , and ISG20 (Fig. 1E) induced by SEV. These results further confirm that PEDV N protein antagonizes the production of IFN-␤ rather than IFN signaling.
PEDV N protein inhibits activation of IRF3 and NF-B. The induction of type I IFN requires the coordinated and cooperative actions of the transcription factors IRF3 and NF-B. To investigate whether PEDV N protein impairs the activation of IRF3 and NF-B, cells were cotransfected with pCAGGS-HA-N and the IFN-␤-Luc, IRF3-Luc, and NF-B-Luc luciferase reporter plasmids together with the internal control plasmid pRL-TK and were then infected with SEV. As shown in Fig. 2 , the overexpression of PEDV N protein blocked the SEV-induced promoter activities of IFN-␤ ( Fig. 2A), IRF3 (Fig. 2B) , and NF-B (Fig. 2C ) in a dosedependent manner.
IRF3 is considered to be the essential transcription factor for type I IFN production, and its phosphorylation and nuclear translocation are the hallmarks of IRF3 activation (18) . Because our initial results showed that PEDV N protein blocked SEV-induced IRF3-dependent promoter activity, we investigated the role of PEDV N protein in the phosphorylation and nuclear translocation of IRF3. To this end, HEK-293T cells were transfected with pCAGGS-HA-N and then infected with SEV. The phosphorylation and nuclear translocation of endogenous IRF3 were investigated. As expected, SEV infection markedly enhanced IRF3 phosphorylation, in contrast to that in the mock-treated cells. However, this increase was significantly reduced in the N-proteinexpressing cells (Fig. 3A) . Consistent with this observation, the nuclear translocation of IRF3 was also blocked by PEDV N protein (Fig. 3B) . Collectively, these results further support the notion that PEDV N protein is a potent inhibitor of type I IFN production by impeding the activation of IRF3.
TBK1 might be the potential target of PEDV N protein. SEV is a strong inducer of the RIG-I-like receptor (RLR)-mediated IFN signaling pathway (47, 48) . The observed blockade of SEV-induced IFN-␤ production and IRF3 activation by PEDV N protein raises the possibility that the N protein targets one or several components of the RLR signaling pathway. To clarify this, HEK-293T cells were cotransfected with pCAGGS-HA-N and a series of expression constructs encoding the molecules of the RLR signaling pathway, including RIG/RIG-IN, MDA-5, IPS-1, TRAF3, IKKε, TBK1, and IRF3, together with a luciferase reporter plasmid containing the IFN-␤ promoter and pRL-TK. Luciferase assays were performed 28 h after cotransfection. The overexpression of any molecule of the RLR signaling pathway resulted in a significant activation of the IFN-␤ promoter (Fig. 4A to F) . Interestingly, the activation of the IFN-␤ promoter driven by TBK1/IKKε or its upstream molecules (RIG-I/RIG-IN, MDA-5, IPS-1, and TRAF3) was inhibited by the PEDV N protein. In contrast, the activation of the IFN-␤ promoter induced by IRF3 (a molecule downstream of TBK1/IKKε) was not affected by PEDV N protein (Fig. 4F) . Consequently, we speculated that PEDV N protein targets TBK1/IKKε or an unknown molecule between TBK1/IKKε and IRF3.
PEDV N protein interacts with TBK1. To investigate the possible interaction of N protein and the components of the RLR signaling pathway, HEK-293T cells were transfected with expression constructs encoding HA-tagged PEDV N protein and Flagtagged RIG-I, MDA-5, IPS-1, TRAF3, IKKε, TBK1, and IRF3. The lysates were then immunoprecipitated with an anti-HA MAb. As shown in Fig. 5A , TBK1 and IKKε were coprecipitated with HA-N, suggesting that there is a direct interaction between PEDV N protein and TBK1/IKKε. Because the PEDV N protein had a more significant blocking effect on TBK1-induced IFN-␤ promoter activation than on IKKε-induced activation (Fig. 4E) , and previous studies suggested that TBK1 has a more important role than IKKε in the induction of IFN in response to double-stranded RNA (dsRNA) or SEV infection (48-51), we concentrated our subsequent investigations on TBK1. To further confirm the direct interaction between N protein and TBK1, we also tested whether Flag-tagged TBK1 (Flag-TBK1) can pull down the HA-tagged PEDV N protein (HA-N). To this end, HEK-293T cells were transfected with expression constructs encoding Flag-tagged TBK1 and HA-tagged N protein alone or together. The lysates were then immunoprecipitated with an antiFlag antibody. As shown in Fig. 5B , HA-N coprecipitated with Flag-TBK1, demonstrating that there is a direct interaction between TBK1 and PEDV N protein.
To further test whether PEDV N protein and TBK1 share similar subcellular locations, HEK-293T cells were cotransfected with pCAGGS-HA-N and Flag-tagged TBK1 expression plasmids, and IFA was performed 28 h after their cotransfection. As shown in Fig. 5C , the HA-tagged N protein (detected with anti-HA antibody) and Flag-tagged TBK1 (detected with anti-Flag antibody) colocalized and were distributed mainly in the cytoplasm.
PEDV N protein sequesters the interaction between IRF3 and TBK1. The production of type I IFN requires the recruitment of TBK1 and the subsequent phosphorylation of IRF3 (18) . To determine whether PEDV N protein inhibits TBK1-induced IRF3 phosphorylation, HEK-293T cells were cotransfected with pCAGGS-HA-N and a DNA expression construct encoding TBK1. The phosphorylation of endogenous IRF3 was detected 28 h after transfection. As shown in Fig. 6A , TBK1-induced IRF3 phosphorylation was reduced in cells cotransfected with pCAGGS-HA-N.
Previous studies demonstrated a physical interaction between TBK1 and IRF3, which is a critical step in the activation of IRF3 (52) . Because our initial results demonstrated that N protein interacts with TBK1, it is reasonable to infer that N protein is an alternative substrate of TBK1, which impairs the recruitment of IRF3 by TBK1. To test this hypothesis, HEK-293T cells were transfected with increasing amounts of pCAGGS-HA-N and then infected with SEV. The PEDV N protein and endogenous IRF3 were immunoprecipitated with a rabbit polyclonal anti-TBK1 antibody, and the coprecipitated IRF3 and N proteins were analyzed by immunoblotting with an anti-IRF3 polyclonal antibody and an anti-HA MAb, respectively. As shown in Fig. 6B , TBK1 efficiently pulled down IRF3. However, the amount of IRF3 that bound to TBK1 gradually decreased as the amount of N protein increased. These results suggest that PEDV N protein physically sequesters the TBK1-IRF3 interaction in a concentration-dependent manner.
DISCUSSION
The IFN system is at the frontline of the host defense against viral invasion. Consequently, many viruses have developed strategies to manipulate IFN signaling with multifunctional viral proteins that target the host innate immune pathway. Previous studies have shown that PLP2 of PEDV antagonizes the IFN response by deubiquitinating RIG-I and STING (41) . In the present study, we identified the PEDV-encoded N protein as another IFN antagonist and investigated the underlying molecular mechanism. Our results show that PEDV N protein targets TBK1 by interacting with it, and this binding sequesters the association between TBK1 and IRF3, in turn leading to the inhibition of both IRF3 activation and the production of type I IFN.
TBK1 is a member of the IKK protein kinase family and plays an important role in the regulation of type I IFN signaling (52) . It is well known that Toll-like receptors (TLRs) and RLRs are the two main PRRs for RNA viruses. Although TLRs and RLRs recruit different downstream adaptors for IFN signaling, both use TBK1 to phosphorylate IRFs, thus inducing the subsequent transcription of type I IFN (53) (54) (55) . Thus, TBK1 is at the intersection of the TLR and RLR pathways. Given the importance of TBK1 in the IFN signaling pathway, it is not surprising that viruses have evolved mechanisms that target it to inhibit IFN production. Many studies have demonstrated that viral proteins target TBK1 with diverse mechanisms to negatively modulate the IFN signaling pathway (52) . For example, the leader proteinase (Lpro) of foot-andmouth disease virus deubiquitinates TBK1 to inhibit type I IFN production (45) . Herpes simplex virus (HSV) ␥ 1 34.5 protein, hepatitis C virus (HCV) NS3 protein, vaccinia virus C6 and K7 proteins, SARS-CoV M protein, and the NY-1 hantavirus Gn cytoplasmic tail suppress the formation of the TBK1-containing complex to inhibit IFN-␤ production (40, (56) (57) (58) (59) (60) . Poxvirus N1L protein and HCV NS2 protease interact directly with TBK1 to inhibit its activity (61, 62) . In this study, we screened several com- ponents of the RLR signaling pathway and found that PEDV N protein targets TBK1 by interacting with it, as demonstrated by coimmunoprecipitation and subcellular colocalization experiments. Mechanistically, the interaction between TBK1 and PEDV N protein suggests three possible models. One possibility is that PEDV N protein directly affects the TBK1 kinase activity. The second possibility is that PEDV N protein disrupts the interactions between TBK1 and one or more of the TBK1 adaptors and blocks upstream signaling, as in the mechanism used by the SARS-CoV M protein, which blocks the formation of the TRAF3-TANK-TBK1/IKK complex to disrupt IFN signaling (40) . The third possibility is that PEDV N protein prevents the access of a downstream target to the TBK1 complex, as in the mechanism used by HSV ␥ 1 34.5, which interacts with TBK1 to disrupt the interaction between TBK1 and IRF3 (56) . In this study, we noted that TBK1-induced IRF3 phosphorylation was significantly reduced in the presence of PEDV N protein, and IRF3 was dislodged from TBK1 as the level of PEDV N protein increased in the TBK1 immunoprecipitates. These results suggest that PEDV N protein acts as a competitor of IRF3 for TBK1 binding, resulting in the inhibition of both IRF3 activation and subsequent type I IFN production. Although we cannot rule out the other two possible mechanisms by which PEDV N protein might inhibit IFN production, the data in this study demonstrate that the N protein sequesters the interaction between IRF3 and TBK1, shedding light on at least one of the mechanisms underlying the antagonism of IFN by PEDV N protein. The interaction between TBK1 and PEDV N protein might also affect the function of the N protein. A previous study suggested that the Borna disease virus (BDV) P protein interacts with TBK1 to inhibit the TBK1-dependent expression of IFN-␤. At the same time, the BDV P protein itself is phosphorylated by TBK1, suggesting that the BDV P protein functions as a viral decoy substrate, preventing the activation of the cellular target proteins of TBK1 (63) . Similarly, the VP35 protein of Ebola virus (EBOV) binds to both IKKε and TBK-1 to antagonize IFN, and the VP35 protein is also phosphorylated by IKKε or TBK-1 (64) . Previous studies demonstrated that the SARS-CoV N protein is heavily phosphorylated and that phosphorylation may affect nucleocytoplasmic shuttling of N protein (65) (66) (67) . Although the phosphorylation of PEDV N protein has not been reported, a bioinformatics analysis (http://www.phosphosite.org/) indicated that PEDV N protein might be phosphorylated by IKK protein kinases. If PEDV N protein is really phosphorylated by TBK1, it is possible that the function of PEDV N protein can be modulated by TBK1. The biological implications of this modification for the pathogenesis of PEDV are very interesting, and this issue is under investigation in our laboratory.
As well as TBK1, we also found that PEDV N protein did interact with IKKε. IKKε and TBK1 are structurally and enzymatically similar and share 61% sequence identity. However, the two kinases are not functionally identical. First, the expression patterns of these two kinases are markedly different. TBK1 expression is ubiquitous and constitutive in a wide variety of cells, whereas IKKε expression is restricted to cells of lymphoid origin but is inducible in other cell types (54, 68) . Second, the roles of these two kinases in the induction of the IFN response differ, although both kinases directly phosphorylate IRF3 and IRF7 and target identical serine residues. Analyses of the response to viral infection in TBK1-or IKKε-deficient mouse embryonic fibroblasts demonstrated that TBK1 is principally involved in the phosphorylation of IRF3 and IRF7 and subsequent antiviral responses, whereas IKKε has only an accessory role (49) (50) (51) 68) . In contrast, TBK1 is completely dispensable for the type I IFN responses to viral infection in mouse bone marrow-derived macrophages, in which IKKε is predominant (49) (50) (51) 64) . Considering these previously reported observations and that the PEDV N protein had a more significant blockade effect on TBK1-induced IFN-␤ promoter activation than on IKKε-induced activation, we focused on TBK1 in this study. Certainly, the interaction between IKKε and PEDV N protein might play a role in inhibiting both the activation of IRF3 and IFN production. Furthermore, the binding of PEDV N pro- tein to both TBK1 and IKKε may benefit PEDV, which productively infects numerous cells types in vivo.
The PEDV N protein is functionally equivalent to the N proteins of other members of the coronaviruses. The N proteins of SARS-CoV and MHV have been identified as IFN antagonists, but the molecular mechanisms involved are distinct (38, 39, 43) . The SARS-CoV N protein blocks the IFN-␤ response induced by Sendai virus or poly(I · C) but does not inhibit the IFN-␤ production Flag-tagged RIG-I, MDA-5, IPS-1, TRAF3, IKKε, TBK1, and IRF3. The cells were lysed 28 h after transfection and subjected to immunoprecipitation with anti-HA antibody. The whole-cell lysates (WCL) and immunoprecipitation (IP) complexes were analyzed by immunoblotting (IB) using anti-Flag, anti-HA, or anti-␤-actin antibodies. Because three different Flag-tagged control vectors were used to construct the expression plasmids, they were detected in three different gels. (B) Expression plasmids encoding Flag-tagged TBK1 and HA-tagged N protein were cotransfected, and immunoblotting analyses were performed as described above for panel A except for immunoprecipitation with anti-Flag antibody. (C) HEK-293T cells were transfected with expression plasmids encoding HA-tagged N protein and Flag-tagged TBK1. The cells were then fixed for an immunofluorescence assay to detect N protein (red) and TBK1 (green) with anti-HA and anti-Flag antibodies, respectively, 28 h after transfection. DAPI staining (blue) indicates the locations of the cell nuclei. Fluorescent images were acquired with a confocal laser scanning microscope (Fluoview ver. 3.1; Olympus, Japan).
induced by RIG-IN, IPS-1, TRIF, TBK-1, or IKKε. Furthermore, it does not interact with RIG-I or MDA5, indicating that the SARSCoV N protein blocks a very early step in IFN-␤ production, probably at the RNA sensor recognition step (39) . The N protein of MHV A59 antagonizes IFN activity by interfering with the RNase L activity associated with the induction of 2=-5=-oligoadenylate synthetase (43) , but this has not yet been demonstrated for the SARS-CoV N protein (21) . In this study, we have shown that PEDV N protein antagonizes IFN production by sequestering the interaction between IRF3 and TBK1. Furthermore, we also demonstrated that no interaction could be observed between TBK1 and SARS-CoV N protein or MHV N protein (data not shown). Therefore, although all these N proteins of coronaviruses antagonize IFN activity, different mechanisms are used by the nucleocapsid proteins of different coronaviruses.
Compared with our understanding of SARS-CoV and MHV, the molecular mechanism by which PEDV regulates IFN activity remains largely unknown. The identification of virus-encoded IFN antagonists and an understanding of the mechanism of action of each antagonist may direct us toward novel therapeutic targets and more effective vaccines. To date, only PLP2 and N protein (this study) have been identified as IFN antagonists of PEDV. Since the PEDV variant emerged in China and the United States, PEDV has received increasing attention, and more researchers have undertaken the study of PEDV. The identification and characterization of the PEDV-encoded IFN antagonists will broaden our understanding of the pathogenesis of PEDV and accelerate the development of more effective control strategies. 
